Background. Stage 5 chronic kidney disease (CKD) is associated with enhanced aortic calcification. The aim of this study was to determine if the administration of indoxyl sulphate (IS), a uraemic toxin, stimulates the progression of aortic calcification. Methods. The rat groups consisted of (i) Dahl salt-resistant normotensive rats (DR) with intake of 0.3% salt, (ii) Dahl salt-sensitive hypertensive rats (DS) with intake of 2.0% salt and (iii) Dahl salt-sensitive hypertensive IS-administered rats (DS-IS) with intake of 2.0% salt and 200 mg/kg of IS in water. After 30 weeks, their aortic and kidney tissues were excised for histological and immunohistochemical analyses. Results. Severe vascular calcification was observed by von Kossa staining in the arcuate aorta of all the DS-IS rats, but hardly in DS or DR rats. Immunohistochemistry demonstrated that osteopontin, core binding factor 1 (Cbfal), alkaline phosphatase (ALP), osteocalcin, IS and organic anion transporter (OAT) 3 were colocalized in the cells embedded in the aortic calcification area of DS-IS rats. Wall thickness was significantly increased in arcuate, thoracic and abdominal aortas of DS-IS rats compared with DS and DR rats. DS-IS rats showed significantly increased extent of glomerular hypertrophy, mesangial expansion, Masson's trichrome-positive tubulointerstitial area and glomerular and tubulointerstitial expression of transforming growth factor-ßl as compared with DS and DR rats. Conclusions. IS induced aortic calcification with expression of osteoblast-specific proteins and aortic wall thickening. IS is not only a nephrotoxin but also a vascular toxin, and may contribute to the progression of aortic calcification in stage 5 CKD patients.
Introduction
Indoxyl sulphate (IS) is a uraemic toxin that accelerates the progression of chronic kidney disease (CKD) [1, 2] . It is derived from dietary protein. A part of protein-derived tryptophan is metabolized into indole by tryptophanase by intestinal bacteria, such as Escherichia coli. Indole is absorbed into the blood from the intestine, and is metabolized to IS in the liver. IS is normally excreted into urine. In uraemia, however, the reduced renal clearance of IS leads to elevated serum levels of IS. Serum IS levels are increased in patients with CKD [3, 4] . Administration of IS and its precursor, indole, to 5/6 nephrectomized rats increased glomerular sclerosis in the remnant kidney with a decline in renal function [4, 5] . Furthermore, IS stimulated transcription of genes related to renal fibrosis, such as transforming growth factor (TGF)-ß1, tissue inhibitor of metalloproteinases (TIMP) 1 and pro-αl collagen [6, 7] . The induction of nephrotoxicity by IS is mediated by organic anion transporters (OATs), such as OAT types 1 and 3 in the basolateral membrane of renal proximal tubular cells [8] . IS induces free radical production by renal tubular cells, and activates nuclear factor-κB, which, in turn, upregulates expression of plasminogen activator inhibitor 1 [9] .
Cardiovascular disease accounts for 40-50% of deaths in dialysis populations. Cardiovascular disease mortality in haemodialysis and peritoneal dialysis patients is much higher especially in younger age categories than age-and sex-matched controls without CKD [10, 11] . Vascular calcification plays a vital role in the development of cardiovascular morbidity and subsequent increased mortality. Vascular calcification affects both vascular intima and media layers and its mechanism remains poorly understood. In addition to traditional cardiovascular risk factors, hyperphosphataemia, calcium overload, increased oxidized lowdensity lipoprotein cholesterol, uraemic toxins, increased oxidative stress, hyperhomocysteinaemia, haemodynamic overload and dialysate-related factors may also play a role [12] .
IS inhibits endothelial proliferation and wound repair [13] . Recently, it has been reported to stimulate proliferation of rat vascular smooth muscle cells [14] . These Indoxyl sulphate promotes calcification 1893 in vitro experiments suggest that IS may play a role in the dysfunction of endothelial and vascular smooth muscle cells in CKD patients. We hypothesized that IS is a uraemic toxin accelerating progression of vascular calcification.
In this study, we determined if administration of IS accelerates aortic calcification in vivo.
Methods

In vivo experimental design
Dahl salt-resistant rats (Dahl-Iwai R, n = 5) and Dahl salt-sensitive rats (Dahl-Iwai S, n = 20) were purchased at 5 weeks of age from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan), and were fed powder rat chow (CE-2, Clea, Tokyo, Japan) for 1 week. Then, the Dahl-Iwai R rats were fed the chow (CE-2) with a low-salt (0.3% NaCl) intake in water, and Dahl-Iwai S rats were fed the chow (CE-2) with a high-salt (2.0% NaCl) intake in water. At 7 weeks of age, Dahl-Iwai S rats spontaneously developed hypertension with systolic blood pressure (BP) more than 140 mmHg. Then the rats were divided into two groups: control rats and IS-administered rats. Thus, the rat groups consisted of (i) Dahl salt-resistant normotensive rats (DR, n = 5) with an intake of 0.3% NaCl in water, (ii) Dahl salt-sensitive hypertensive control rats (DS, n = 10) with an intake of 2.0% NaCl in water, (iii) Dahl salt-sensitive hypertensive IS-administered rats (DS-IS, n = 10) with an intake of 2.0% NaCl and 200 mg/kg of IS (Alfa Aesar, Lancashire, England) in water, for 30 weeks. BP was measured using the tails of the rats with a pneumatic cuff and a sphygmomanometer for small animals (UR-5000, Ueda Avancer Co., Tokyo, Japan). Because five DS rats and four DS-IS rats have died during the study, the remaining five DS rats and six DS-IS rats were analysed. Although the cause of death in the DS and DS-IS rats is unknown, it may be related with hypertension and overhydration due to the intake of 2.0% NaCl. None of the DR rats died because they were normotensive and took 0.3% NaCl. At the end of the experiments, the rats were anaesthetized and their aortic tissues and kidney tissues were excised for histological and immunohistochemical analyses in conformity with national and international laws for the care and use of laboratory animals.
Analytical procedures
Serum and urine levels of IS were measured by highperformance liquid chromatography (HPLC) according to the modified method of our previous papers [15, 16] . In the papers, we reported a rapid assay for IS as total concentration without prior deproteinization of serum samples by internal surface reverse-phase liquid chromatography. The HPLC system (Shimadzu, Kyoto, Japan) consists of an auto-injector (SIL-10AD) at 4
• C, a degasser (DGU-12A), a pump (LC-10AD), a column oven at 35
• C (CTO-10AC), a column (Shiseido Capsule Pack MF Type SG80, 4.6 mm × 150 mm, 5 µm), a fluorescence detector (RF-10A XL), a system controller (SCL-10AP) and software (CLASS-VP). Serum sample was analysed for 10 min with a mobile phase, 5% tetrahydrofuran/0.1M KH 2 PO 4 (pH 6.5) at a flow rate of 1 ml/min and a fluorescence detection (Ex. 295 nm and Em. 390 nm). IS is dissociated from albumin in the mobile phase containing tetrahydrofuran, and separated from the other components by the internal-surface reverse-phase of microparticles in the column. The Shiseido Capsule Pack MF column is designed for direct injection of serum samples which tolerates 800 injections. Serum proteins elute freely though the column without any retention. Thus, the column does not require deproteinization procedure for serum.
Serum samples were centrifuged at l000 g for 20 min at 4
• C, and the supernatant serum (10 µl) was injected into the HPLC system. An internal standard was not used for the assay. A calibration line was generated with serum standards containing IS at final concentrations of 0.00627 to 12.6 mg/dl, and the square of correlation coefficient (R 2 ) of the line was 0.9999. The limit of quantification was from 0.06 to 12 mg/dl. Coefficients of variation (CV) (n = 5) for the intra-assay variability of IS at concentrations of 0.126 mg/dl and 2.51 mg/dl were 0.84%, and 0.24%, respectively, and their accuracy values were 103.2% and 102.3%, respectively. CV values (n = 5) for the interassay variability of IS at concentrations of 0.126 mg/dl and 2.51 mg/dl were 2.2% and 1.5%, respectively, and their accuracy values were 100.7% and 101.7%, respectively. CV (n = 5) for the stability of IS at a concentration of 2.51 mg/dl kept at room temperature for 2 h was 0.3%, and its accuracy was 104.2%. CV (n = 5) for the stability of IS at a concentration of 2.51 mg/dl kept at −40
• C for 180 days was 1.8%, and its accuracy was 96.3%. According to the standard addition method, quality control serum samples in which IS was added at different concentrations (standard concentration), were analysed five times. The average measured concentration of IS was calculated by considering endogenous concentration of IS. Accuracy was calculated as follows:
Creatinine and blood urea nitrogen (BUN) levels were measured using a Beckman Synchron CX3 auto-analyser. Urine protein was measured using the pyrogallol red method (micro TP test, Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Tissue preparation and histology
Aortic tissues were dissected, fixed in formalin and processed for paraffin embedding. Then, the tissues were stained by haematoxylin and eosin (H&E), and by von Kossa to detect calcification. The thickness of aortic wall was measured by morphometry of H&E-stained aortic sections. The pictures of aortic tissue sections were taken by a digital camera (DN100, Nikon, Tokyo, Japan), and the thickness of aortic wall was measured in five different areas per aortic section using an image analysis computer program (NIH Image 1.62). The average value of five measurements was considered representative of each rat. Calcification area was measured in two von Kossa-staining sections of the arcuate aorta for each rat using the image analysis computer program [17] . Kidney tissues were dissected, fixed in formalin and processed for paraffin embedding, and thin sections were stained by periodic acid-Schiff (PAS) and Masson's trichrome (MT). For measurement of glomerular area and mesangial area, the pictures of PAS staining were taken on 10 different glomeruli per section by a digital camera (DN100, Nikon), and displayed on a computer board using the software of Adobe Photoshop R 6.0. The glomerular area and PAS-positive area (identical with mesangial area) in the same glomerulus were determined by Adobe Photoshop R , and measured using NIH Image 1.62. For measurement of interstitial fibrosis, the pictures of MT staining were taken on 10 different sections in the renal cortex by the digital camera. MT-positive area except glomeruli was determined by Adobe Photoshop R , and measured using NIH Image 1.62. The average value of 10 measurements was considered representative of each rat.
Immunohistochemistry
Paraffin-embedded tissue sections were deparaffinized in xylene, and rehydrated in ethanol. Deparaffinized sections underwent a microwave treatment in citrate buffer (10 mmol/1, pH 6.0) twice for 5 min, and rinsed in tap water to retrieve antigens. Endogenous peroxidase was inhibited with 0.3% H 2 O 2 methanol for 10 min, followed by a rinse in phosphate buffered saline. Sections were blocked by 10% serum (Nichirei Co, Tokyo, Japan) at room temperature for 30 min. Immunostaining was processed according to the streptavidin-biotin complex (SABC) method.
For immunostaining of osteoblast-related proteins, such as osteopontin, alkaline phosphatase (ALP) and osteocalcin in the aortas, mouse monoclonal anti-osteopontin (1:1000, No. 01-20002, American Research Products, Inc, Belmont, MA, USA), anti-ALP (1:50, No. MAB1448, R&D Systems, Inc, Minneapolis, MN, USA) and anti-osteocalcin (1:100, No. a1/3420, Abcam, Cambridge, UK) antibodies were used as the primary antibodies, respectively. The slides were incubated with the secondary antibody (biotin-labeled rabbit anti-mouse IgG antibody, Nichirei Co) at room temperature for 30 min, and then with peroxidase-conjugated streptavidin (Nichirei) at 37
• C for 30 min. After another wash with PBS, peroxidase activity was detected by reaction with 3,3 -diaminobenzidine tetrahydrochloride (DAB tablet, Merck KGaA, Darmstadt, Germany; 30 mg/ml, containing 0.03% H 2 O 2 ) as the chromogen. Finally, sections were counterstained by 1% methylene green, dehydrated and mounted. Staining without the primary antibody was used as a negative control.
For immunostaining of Cbfal in the aortas, a polyclonal anti-Cbfal antibody (1:100, No. M-70, sc-10758, Santa Cruz Biotechnology, Inc, CA, USA) was used. The slides were incubated with the secondary antibody (biotin-labeled goat anti-rabbit IgG antibody, Nichirei Co). Cbfal expression in vascular smooth muscle cells is an early definitive marker of osteoblastic differentiation, and controls the expression of osteopontin, ALP and osteocalcin.
For immunohistochemistry of IS, rOATl and rOAT3 in the aortas, a mouse monoclonal anti-IS antibody (1:100), a rabbit polyclonal anti-rOATl antibody (1:20) and a rabbit polyclonal anti-rOAT3 antibody (1:100) that were produced in our laboratory were used. The characterization of the monoclonal anti-IS antibody was described previously [18] , and the specificity of the rabbit polyclonal antirOATl and anti-rOAT3 antibodies was described elsewhere [19, 20] .
For immunohistochemistry of smooth muscle actin (SMA) in the aortas, a mouse monoclonal anti-SMA antibody coupled with horseradish peroxidase (1:1, No. U7033, Dako Cytomation, Glostrup, Denmark) was used. For immunohistochemistry of macrophages, a mouse monoclonal anti-CD68 antibody coupled with horseradish peroxidase (1:1, No. U7029, Dako Cytomation) was used.
For immunostaining of TGF-ßl in the kidneys, sections were treated with diluted proteinase K solution (0.01 mg/ml) at 37
• C for 10 min before staining, and then stained using a polyclonal anti-TGF-ßl antibody (1:20, Santa Cruz Biotechnology). Ten glomeruli and 10 tubulointerstitial areas per section were randomly selected on the kidney cortex, and TGF-ßl-positive areas in glomeruli and tubulointerstitium were determined by Adobe Photoshop R , and measured using NIH Image 1.62. The average value of 10 measurements was considered representative of each rat.
Statistics
All quantitative data are presented as mean ± SE. To compare values among the three groups, analysis of variance (ANOVA) was applied and Fisher's least significant difference (LSD) test was used. Results were considered statistically significant when the P value was less than 0.05. Table 1 summarizes the time course of laboratory parameters in DR, DS and DS-IS rats. As compared with DR rats, DS rats showed a significant increase in systolic BP and serum and urine levels of Na and Cl, and a significant decrease in diet, body weight, creatinine clearance, serum and urine levels of K and urine creatinine. As compared with DS rats, DS-IS rats showed significantly increased serum and urine levels of IS. However, there were no significant differences in systolic BP, BUN, serum creatinine, creatinine clearance, serum Ca, serum P, total cholesterol and HDL cholesterol between DS and DS-IS rats. Figure 1 shows the time course of systolic BP and serum IS in DR, DS and DS-IS rats. Both DS and DS-IS rats showed significantly increased systolic BP as compared with DR rats, although there was no significant difference in systolic BP between DS and DS-IS rats. Serum IS levels were significantly increased in DS-IS rats as compared with DS and DR. Thus, administration of IS to DS rats significantly increased serum levels of IS, although systolic BP was kept as high as in the DS rats. at Pennsylvania State University on February 23, 2013 http://ndt.oxfordjournals.org/ Fig. 3 . Calcification area in arcuate aorta (A), wall thickness of the arcuate (B), thoracic (C ), and abdominal aortas (D) in DR, DS and DS-IS rats, and the measurement of aortic wall thickness (E ). Average of five measurements was considered representative of each rat. * P < 0.05, * * * P < 0.001, * * * * P < 0.0001 vs. DS.
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detected positively by von Kossa staining. Severe vascular calcification was detected in the arcuate aorta in all the six DS-IS rats, whereas it was hardly detected in DR or DS rats. H&E staining indicates that there are cells embedded in the calcification area. Figure 3A shows the calcification area in the arcuate aorta section of rats. The calcification area was significantly and markedly increased in DS-IS rats as compared with DS rats. Figure 3 (B-D) shows wall thickness of the arcuate aorta, thoracic aorta and abdominal aortas. DS-IS rats showed significantly increased wall thickness of the arcuate aorta, thoracic aorta and abdominal aortas as compared to the DS rats. Thus, administration of IS significantly increased not only aortic calcification in the arcuate aorta, but also aortic wall thickening in the arcuate, thoracic and abdominal aortas. Figure 4 shows immunostaining of osteopontin, Cbfal, ALP and osteocalcin in the arcuate aorta of DR, DS and DS-IS rats. Osteopontin, Cbfal, ALP and osteocalcin, proteins specific to osteoblasts, were colocalised in the cells embedded in the calcification area of the arcuate aorta in DS-IS rats, but not in the arcuate aorta of DR or DS rats. Negative controls stained without the primary antibodies showed no positive staining in the aorta. DS-IS rats. The cells with expression of osteoblast-specific proteins, surrounded by calcification area in the DS-IS rat showed positive staining for IS, rOATl and rOAT3, but not for SMA or macrophages. The staining of rOATl was not so prominent as compared with rOAT3. SMA is a specific protein for vascular smooth muscle cells. A loss of SMA expression in the osteoblast-like cells in the DS-IS rat supports the notion that vascular smooth muscle cells may have been transformed into osteoblasts. Figure 6 shows PAS and MT staining, and immunostaining of TGF-ßl in the kidneys of DR, DS, and DS-IS rats. PAS staining showed increased expansion of glomerular area and mesangial area in the DS-IS rat. MT staining showed increased interstitial fibrosis in the DS-IS rat. Immunostaining of TGF-ßl showed increased expression of TGF-ßl in the glomerulus and tubulointerstitium, especially tubular cells. 
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Discussion
The present study demonstrates for the first time that IS promotes aortic calcification and aortic wall thickening. Osteoblast-specific proteins, such as osteopontin, Cbfal, ALP and osteocalcin are expressed in the cells embedded in the aortic calcification area. The serum levels of IS in the DS-IS rats are around 2 mg/dl, which are comparable to, or rather below the mean serum level of IS (5.3 mg/dl) in haemodialysis patients [3, 4] . Thus, IS is a vascular uraemic toxin that may be responsible, at least partially, for the progression of arteriosclerosis in CKD patients.
The pathogenesis of vascular calcification in uraemia is not yet completely understood, although increased levels of inorganic phosphate and/or uraemic toxins may play an important role by transforming vascular smooth muscle cells into osteoblast-like cells [21] [22] [23] [24] . Vascular calcification is an active, cell-mediated process. Osteoblast differentiation factor Cbfal and several bone-associated proteins, such as [21] [22] [23] [24] . Addition of ß-glycerophosphate as a donor of inorganic phosphate induced calcification and osteopontin expression in cultured vascular smooth muscle cells [21] . Addition of uraemic serum also accelerated mineralization and increased expression of Cbfal, osteopontin and ALP in cultured vascular smooth muscle cells. The uraemic seruminduced osteopontin expression in vascular smooth muscle cells is partially mediated through ALP activity and a Na/Pi co-transporter-dependent mechanism. Reduction of serum phosphorus concentration by sevelamer prevented the uraemia-enhanced arteriosclerosis and vascular calcification in the uraemic apoE-knockout mice [25] . Although there are inevitable discrepancies between rats and humans, we found in vivo using rats that IS may have accelerated transformation of vascular smooth muscle cells into osteoblast-like cells with expression of osteoblast-specific proteins, such as osteopontin, Cbfal, ALP and osteocalcin. Thus, we propose that IS is one of the uraemic toxins inducing osteoblast transformation of vascular smooth muscle cells.
IS, OAT1 and OAT3 were colocalized in the osteoblastlike cells embedded in the aortic calcification areas of DS-IS rats. The expression of OATs, especially OAT3 suggests that these OATs transport IS into the osteoblast-like cells, resulting in accumulation of IS within the cells, possibly followed by intracellular generation of free radicals. The finding that SMA was not colocalized in the osteoblastlike cells also supports the notion that these osteoblast-like cells lost SMA, a marker of vascular smooth muscle cells, by transformation.
In the present study, we confirmed nephrotoxicity of IS even in rats with early stage of CKD. DS-IS rats showed significantly increased extent of glomerular hypertrophy, mesangial expansion and MT-positive tubulointerstitial area with increased expression of glomerular and tubulointerstitial TGF-ßl as compared with DS rats, although there were no significant differences in serum creatinine and creatinine clearance between the two groups. These results are consistent with our previous reports on nephrotoxicity of IS [4] [5] [6] [7] [8] .
IS is produced in the liver from indole, a metabolite of dietary tryptophan by intestinal bacteria. An oral sorbent (AST-120) reduces serum and urine levels of IS in uraemic rats and patients with CKD stage 4 to 5 by adsorbing indole in the intestines, and consequently stimulating its excretion into faeces. AST-120 delays the progression of CKD not only in uraemic rats, but also in CKD patients [18, [26] [27] [28] [29] [30] [31] [32] [33] . AST-120 is widely used as an approved drug not only in Japan, but also in Korea for the treatment of pre-dialysis patients with CKD stage 4 to 5 to delay the progression of CKD. A multicenter, randomized, double-blind, placebocontrolled, dose-ranging study has demonstrated that AST-120 decreased serum IS levels in a dose-dependent fashion in patients with CKD stage 4 to 5 [34] . Recently, AST-120 has been reported to reduce arterial stiffness and intimamedia thickness of common carotid artery in non-diabetic pre-dialysis patients with CKD stage 4 to 5 [35] . These beneficial effects of AST-120 on arterial stiffness and intimamedia thickness may be due to reduction of serum IS levels. Thus, AST-120 may also be effective in preventing aortic calcification in CKD patients by reducing the serum levels of IS.
In conclusion, IS promotes aortic wall thickening and aortic calcification with colocalization of osteoblastspecific proteins. Thus, IS is not only a nephrotoxin but also a vascular toxin, and may contribute to the progression of aortic calcification in CKD patients.
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